The catalytic performance of Mo 8 V 2 Nb 1 -based mixed-oxide catalysts for ethane partial oxidation is highly sensitive to the doping of elements with redox and acid functionality. Specifically, control over product distributions to ethylene and acetic acid can be afforded via the specific pairing of redox elements (Pd, Ni, Ti) and acid elements (K, Cs, Te) and the levels at which these elements are doped. The redox element, acid element, redox/acid ratio, and dopant/host ratio were investigated using a three-level, four-factor factorial screening design to establish relationships between catalyst composition, structure, and product distribution for ethane partial oxidation. Results show that the balance between redox and acid functionality and overall dopant level is important for maximizing the formation of each product while maintaining the structural integrity of the host metal oxide. Overall, ethylene yield was maximized for a Mo 8 V 2 Nb 1 Ni 0.0025 Te 0.5 composition, while acetic acid yield was maximized for a Mo 8 V 2 Nb 1 Ti 0.005 Te 1 catalyst.
Introduction
The catalytic conversion of ethane into olefins and chemicals has been a subject of much research over the past several decades [1, 2] . Conversion of ethane into value-added products goes through either ethane deoxyhydrogenation, whose main product is ethylene [3] [4] [5] , or ethane partial oxidation (EPO), which produces various value-added C 2 components, such as ethylene [6, 7] and acetic acid [8] [9] [10] [11] [12] . Currently, the development of efficient heterogeneous catalysts for ethane conversion into their value-added products, acetic acid and ethylene, is of interest due to the abundance of low-cost ethane from shale gas.
State-of-the-art catalysts for the partial oxidation of short alkanes are typically based on molybdenum and vanadium mixed oxides, which have been shown to preferentially form value-added products such as acrylic acid and acetic acid [9, [12] [13] [14] [15] [16] [17] [18] [19] [20] . Elements such as niobium and antimony have been added to these Mo-V-O structures with the objective of increasing their structural stability and maintaining the desired Mo-V phase [10] . Additionally, the stabilization of the active Mo-V-M-O (M = Al, Co, Cr, Fe, and Bi) phase through interactions between the molybdenum and M species resulting in the formation of a solid solution during the hydrothermal treatment has been explored as a means of forming a uniform phase [21] . Overall, Nb was found to be the most effective stabilizing agent for the Mo-V-M-O structure, resulting in the mitigation of phase segregation and increased activity in both ethane partial oxidation [10, 16, 22] and ethane oxidative dehydrogenation [20, 23] .
Results and Discussion

Synthesis of Doped Mo 8 V 2 Nb 1 O x Catalysts
The formation of a uniform solid solution of the Mo-V-O oxide has been widely reported to lead to the preferential oxidation of alkanes to olefins and acids [15, 35, 36] . In contrast to conventional mixtures of molybdenum-and vanadium-based oxides, which give rise to multiple oxide phases due to phase segregation, the high dispersion of the vanadium in the Mo-V-O complex can be achieved via the formation of a solid solution [15, 18, 19, 21, 25] . Furthermore, the Mo-V-O complex allows for the incorporation of stabilization agents and promoters [29, 30, 33] . Niobium has been reported as a stabilizing agent in the Mo-V-O structure, helping keep the vanadium and molybdenum species stable throughout the reaction [8, [16] [17] [18] by facilitating their redox cycles. The solid solution is due to the formation of an Anderson-type complex, which is formed upon mixing the molybdenum and niobium precursors to create a (NH 4 ) 3 NbMo 6 H 6 O 24 complex [19, 25, 37] . The Anderson-type complex then readily reacts with VOSO 4 to form the Mo-V-M-O structure, where M here is niobium, and form a solid solution with no observable phase segregation of the individual oxide phases.
A composition of Mo 8 V 2 Nb 1 was chosen as the base catalyst due its high selectivity towards acetic acid and ethylene during EPO [12, 16] . Additionally, the excess molybdenum in the synthesis gel, where the Anderson-type complex requires a stoichiometry of six to one Mo:Nb, serves to accommodate the addition of dopants into the base Mo 8 V 2 Nb 1 structure. The dopants for this work were chosen to probe the relationship between surface acidity and reducibility and EPO-product distribution [9, 22, 38] . In this study, the reducible metals chosen included palladium, nickel, and titanium. Each of these dopants varies in terms of their reducibility, with palladium being the most reducible and titanium being the least. Additionally, these metals have been shown to promote EPO to favor the production of ethylene or acetic acid, both being target products for this system. Palladium is one of the most studied promoters for this system due to its ability to preferentially form acetic acid via an acetaldehyde intermediate [12, 17, 22, 39, 40] . Titanium has been chosen as a redox element due to its support interaction effects for EPO [18, 39] , while nickel has been shown to preferentially form ethylene [31, [41] [42] [43] for various distinct catalytic systems. In a similar manner, the surface acidity was adjusted by introducing potassium, cesium, or tellurium to the catalyst precursor. These elements were chosen to cover a range of acidities, where potassium represents a typical alkali group metal of nominal acidity and cesium represents a much stronger acid. Tellurium was chosen as the third acid/base component due to its overwhelming precedence in catalyzing EPO to promote greater catalytic activity and the more selective formation of acetic acid [14, 23, 26, 37, 44] . It is important to note that, while tellurium can contribute catalytic activity via its redox cycling between the +4 and +6 state, its contribution to the overall reducibility of the catalyst is significantly lower than the chosen redox elements for this study; warranting categorization as an acid/base element in this study and not a redox element.
To address mixed findings in the literature over the effect of the surface acidity and reducibility balance, we systematically varied the redox/acid element ratio between the acid elements and the redox elements to various degrees. Since the redox elements tend to affect catalytic activity largely by electronic effects caused by the electron orbital overlap from the d-shells of the transition metals, typically only small amounts of these elements are required to significantly change the catalytic activity. Conversely, acids affect catalytic activity by changing the surface acidity, where an effect on catalytic activity is generally only observed at higher doping levels.
Design of Experiment-Parameter Space
To explore all possible combinations between redox elements and acid elements, we created 81 distinct catalyst formulations by adding nine unique dopant pairs to the base Mo 8 V 2 Nb 1 catalyst, and synthesizing catalysts, including each dopant pair, at nine distinct loadings. Dopant pairs included the following: PdK, PdCs, PdTe, NiK, NiCs, NiTe, TiK, TiCs, and TiTe. The balance between redox and acid functionality was tailored by varying the redox to acid (R/A) ratio and the total amount of dopant added was varied with the dopant to host (D/H) ratio, where each were treated as numerical variables ranging from 0.005, 0.5, and 1.0, as summarized in Table 1 . The addition of dopants at different levels can yield varied effects, ranging from predominantly electronic interactions at low D/H ratios to phase segregation of the dopant species and possible formation of new active sites at high D/H ratios. The wide range of dopant/host ratios screened was intended to cover the range of these possible effects. Elemental ratios were relative to the niobium loading of the base catalyst (Nb = 1), where the sum of the both redox and acid species totals to either a D/H ratio of 0.005, 0.5, or 1.0. For illustration, a D/H and R/A ratio of 1.0 corresponds to a composition of Mo 8 V 2 Nb 1 Ni 0.5 Te 0.5 . 
Energy Dispersive X-ray Spectroscopy (EDS) Elemental Uptake Analysis
The hydrothermal synthesis method employed here proceeds through the formation of an Anderson-type heteromolybdate intermediate for which the possibility of incomplete element uptake exists [26, 27, 45] . Variation in elemental composition over the design space was accomplished by varying the R/A and the D/H ratio. Energy Dispersive X-ray Spectroscopy (EDS) was used to probe both intended and unintended variation in the loadings of catalyst components. Analysis of the EDS data was focused on perturbations to the base structure as evidenced by the measured vanadium and niobium contents. It should be noted that nominal loadings for the 81 catalysts were expected to fall in the following compositional range: Mo 8 V 2 Nb 1 R 0.000025-0.5 A 0.0025-1 . Over the 81 samples studied, atomic loadings for the Mo 8 V 2 Nb 1 base composition were found to range from 1.28 ± 0.1 to 3.33 ± 0.84 for vanadium, and 0.69 ± 0.12 to 1.17 ± 0.05 for niobium. While some of this variance can be ascribed to an EDS measurement error, certain relationships between the base catalyst uptake and the catalyst design variables were found to be statistically significant. For instance, uptake of both vanadium and niobium into the structure were negatively correlated with an increased D/H ratio, meaning that, to some extent, the dopants displaced the V and Nb from the material. It should be noted that this effect was more pronounced in the case of Nb, with Nb uptake being almost 10% less when D/H was increased from 0.005 to 1. This effect was also much more significant when the elements being doped were primarily redox elements (i.e., high R/A ratio), as shown in Figure 1 . This suggests that the redox elements were able to displace the niobium in part from the channels of the base structure. Additionally, some sensitivity was found in terms of Nb and V uptake with respect to the specific redox and acid elements doped. The V uptake was found to be particularly sensitive to the doping of redox elements, being the lowest when Pd was doped, while the Nb uptake was sensitive to both redox and acid doping, with the lowest uptakes corresponding to Ti and Te doping. In general, the least amount of disturbance to the base structure was achieved when balanced levels of redox and acid elements were doped (R/A = 1), and the greatest amount of disturbance was found at the highest doping levels (D/H = 1). Additionally, an interaction between the R/A ratio and D/H ratio was observed where increasing the D/H ratio only caused significant changes to the base structure for high levels of redox element loading (R/A = 1). This indicates that acid/base elements were more easily incorporated into the base structure than redox elements. Overall, it was found that increasing or decreasing D/H and R/A ratios yielded the intended variations in dopant loadings. Additionally, some sensitivity was found in terms of Nb and V uptake with respect to the specific redox and acid elements doped. The V uptake was found to be particularly sensitive to the doping of redox elements, being the lowest when Pd was doped, while the Nb uptake was sensitive to both redox and acid doping, with the lowest uptakes corresponding to Ti and Te doping. In general, the least amount of disturbance to the base structure was achieved when balanced levels of redox and acid elements were doped (R/A = 1), and the greatest amount of disturbance was found at the highest doping levels (D/H = 1). Additionally, an interaction between the R/A ratio and D/H ratio was observed where increasing the D/H ratio only caused significant changes to the base structure for high levels of redox element loading (R/A = 1). This indicates that acid/base elements were more easily incorporated into the base structure than redox elements. Overall, it was found that increasing or decreasing D/H and R/A ratios yielded the intended variations in dopant loadings. The crystalline structure of the redox and acid/base element-doped MoVNb catalysts was studied for all samples using powder X-ray diffraction (XRD). The hydrothermally synthesized base MoVNb catalyst, shown in Figure 2, [16, 28, 32, 46] . To understand the influence of the redox and acid/base dopants, as well as their relative and overall doping levels, differences between the hydrothermally prepared base MoVNb and doped MoVNb catalysts were studied. The analysis of the XRD data focused on both the position and the Full-Width Half-Maximum (FWHM) of the main 22° peak to calculate the d-spacing and grain size of the Mo-V oxide, where this peak is correlated to the crystallographic structure denoted as the "M1 phase" in the literature [20, 28, 46] . Additionally, crystal faceting of the primary slablike Mo-V-O phase was analyzed by measuring the intensity ratio between the sharp 22° peak, showing the ordered crystallographic growth direction, and the disordered amorphous peak at 27°. The correlation between the intensity of the 22° reflection and the specific activity for ethane oxydehydrogenation (ODH) has been proposed as an indicator for the preferential formation of olefins or oxygenates in the Mo-V system [20] . Additionally, it was found that secondary phases were formed on top of the base Mo-V-O structure when doped with certain redox and acid/base elements at varying levels. The identity of these secondary phases are assorted Mo-and Vbased oxides of different stoichiometry as well as, in a few cases, reflections from small particles of segregated oxides of redox/acid/base dopants. While exhaustive structural resolution of each design point was out of the scope of this study, the conditions under which secondary-phase formation occurred were noted and relative intensities between the main reflection and the most intense peak arising from secondary phases were calculated to indicate the relative volume of the catalyst involved in secondaryphase formation.
Crystalline Structure of Doped Mo8V2Nb1Ox Catalysts
First, the d-spacing of the mixed-oxide indicated by the peak location of the 22° reflection (d = 4.01 Å) was tracked for each sample as a possible gauge for dopant incorporation directly into the mixedoxide lattice [46, 47] . In such a situation an increase in d-spacing (evidenced by a peak shift to lower 2θ) would be expected, since most dopant elements have large radius compared with Mo, V and Nb. It was found, however, that the d-spacings of the 22° reflection for the doped samples only ranged from 3.98 to 4.02. This small range of d-spacings supports the conclusion that the various redox and acid/base dopants investigated were not actually incorporated directly into the mixed-oxide lattice and most likely reside in the six-and seven-membered rings formed by the Mo-V-O structure, where these vacancies allow for the insertion of atoms [32] .
The grain sizes calculated via Scherrer's equation from the FWHM of 22° peak of the doped MoVNb samples were found to be sensitive to both the type of dopants and the levels studied. These parameters The analysis of the XRD data focused on both the position and the Full-Width Half-Maximum (FWHM) of the main 22 • peak to calculate the d-spacing and grain size of the Mo-V oxide, where this peak is correlated to the crystallographic structure denoted as the "M1 phase" in the literature [20, 28, 46] . Additionally, crystal faceting of the primary slablike Mo-V-O phase was analyzed by measuring the intensity ratio between the sharp 22 • peak, showing the ordered crystallographic growth direction, and the disordered amorphous peak at 27 • . The correlation between the intensity of the 22 • reflection and the specific activity for ethane oxydehydrogenation (ODH) has been proposed as an indicator for the preferential formation of olefins or oxygenates in the Mo-V system [20] . Additionally, it was found that secondary phases were formed on top of the base Mo-V-O structure when doped with certain redox and acid/base elements at varying levels. The identity of these secondary phases are assorted Mo-and V-based oxides of different stoichiometry as well as, in a few cases, reflections from small particles of segregated oxides of redox/acid/base dopants. While exhaustive structural resolution of each design point was out of the scope of this study, the conditions under which secondary-phase formation occurred were noted and relative intensities between the main reflection and the most intense peak arising from secondary phases were calculated to indicate the relative volume of the catalyst involved in secondary-phase formation.
First, the d-spacing of the mixed-oxide indicated by the peak location of the 22 • reflection (d = 4.01 Å) was tracked for each sample as a possible gauge for dopant incorporation directly into the mixed-oxide lattice [46, 47] . In such a situation an increase in d-spacing (evidenced by a peak shift to lower 2θ) would be expected, since most dopant elements have large radius compared with Mo, V and Nb. It was found, however, that the d-spacings of the 22 • reflection for the doped samples only ranged from 3.98 to 4.02. This small range of d-spacings supports the conclusion that the various redox and acid/base dopants investigated were not actually incorporated directly into the mixed-oxide lattice and most likely reside in the six-and seven-membered rings formed by the Mo-V-O structure, where these vacancies allow for the insertion of atoms [32] .
The grain sizes calculated via Scherrer's equation from the FWHM of 22 • peak of the doped MoVNb samples were found to be sensitive to both the type of dopants and the levels studied. These parameters were investigated to understand how different doping levels could change the active surface area and/or redox properties of the catalysts; effects which may be expected to accompany a change in Mo-V-O grain size. The grain size of the base MoVNb material, calculated using the broadening of the 22 • peak according to Scherrer's equation [48, 49] , was 22 nm. Identical analysis of the doped MoVNb catalysts showed that the range of grain sizes was 12.4-35.0 nm, depending on the design levels employed. Statistical analysis of the relationship between doping elements and levels with grain size revealed that the most important factors for controlling grain size were the type of redox element and the D/H ratio, as well as the interaction between the two. It was found that doping with Ni increased grain size most significantly, while Ti yielded grain sizes that were smaller and, on average, identical to that of the base MoVNb oxide. In general, increasing dopant levels had the effect of decreasing grain sizes, but at the lowest level of D/H = 0.005, no notable difference could be seen between the grain sizes when Pd, Ni, or Ti was doped. In an analogous manner, differences between grain sizes of Pd-, Ni-, and Ti-doped materials were only apparent at R/A ratios of 0.5 or greater. These interactions simply indicate that the different behavior of redox elements with respect to grain size were not apparent under the conditions where the redox elements were doped in the smallest amounts (i.e., small D/H and R/A ratios). The observation of decreased grain sizes at higher dopant levels, as can be seen for the MoVNbNiCs family of catalysts at the R/A = 0.5 level in Figure 3 , leads to the question of whether one of the effects of the redox dopant is to impede the crystal growth of the primary mixed-oxide phase. Statistical analysis of the relationship between doping elements and levels with grain size revealed that the most important factors for controlling grain size were the type of redox element and the D/H ratio, as well as the interaction between the two. It was found that doping with Ni increased grain size most significantly, while Ti yielded grain sizes that were smaller and, on average, identical to that of the base MoVNb oxide. In general, increasing dopant levels had the effect of decreasing grain sizes, but at the lowest level of D/H = 0.005, no notable difference could be seen between the grain sizes when Pd, Ni, or Ti was doped. In an analogous manner, differences between grain sizes of Pd-, Ni-, and Ti-doped materials were only apparent at R/A ratios of 0.5 or greater. These interactions simply indicate that the different behavior of redox elements with respect to grain size were not apparent under the conditions where the redox elements were doped in the smallest amounts (i.e., small D/H and R/A ratios). The observation of decreased grain sizes at higher dopant levels, as can be seen for the MoVNbNiCs family of catalysts at the R/A = 0.5 level in Figure 3 , leads to the question of whether one of the effects of the redox dopant is to impede the crystal growth of the primary mixed-oxide phase. The relative intensity of the ordered 22° reflection scaled to the intensity of the disordered 27° reflection was investigated as an indication of ordered preferential growth. For convenience, this will be referred to as the primary-phase intensity ratio (PPIR). The base formulation of MoVNb was found to have a PPIR of 3.41. R/A and D/H ratios were found to affect the PPIR significantly, with increasing each having the effect of decreasing the PPIR. It was also found that the significance of the effect of changing the D/H ratio was most apparent at the low R/A level of 0.005. In practice, this means that the highest PPIR values, and the only values that were greater than the base catalyst PPIR, occurred for catalysts with both low overall dopant levels and high relative levels of acid/base dopant (D/H = R/A = 0.005), as shown in Figure 4 . Interestingly, the redox and acid/base elements doped were found to have virtually no effect on this measurement, meaning that nearly identical trends held for all redox-acid/base pairs were studied. The relative intensity of the ordered 22 • reflection scaled to the intensity of the disordered 27 • reflection was investigated as an indication of ordered preferential growth. For convenience, this will be referred to as the primary-phase intensity ratio (PPIR). The base formulation of MoVNb was found to have a PPIR of 3.41. R/A and D/H ratios were found to affect the PPIR significantly, with increasing each having the effect of decreasing the PPIR. It was also found that the significance of the effect of changing the D/H ratio was most apparent at the low R/A level of 0.005. In practice, this means that the highest PPIR values, and the only values that were greater than the base catalyst PPIR, occurred for catalysts with both low overall dopant levels and high relative levels of acid/base dopant (D/H = R/A = 0.005), as shown in Figure 4 . Interestingly, the redox and acid/base elements doped were found to have virtually no effect on this measurement, meaning that nearly identical trends held for all redox-acid/base pairs were studied. The final structural descriptor studied via XRD analysis was the formation and relative volume of secondary phases. This variable is important in understanding trends in activity due to its direct relation to the abundance of the active Mo-V-O phase. This will be defined as the secondary-phase intensity ratio (SPIR); the XRD intensity ratio between the largest secondary phase peak and the largest Mo-V-O primary phase peak was at 22° 2θ. While the doped redox element, particularly when the element was Pd, affected the occurrence of secondary phases, it had no significant effect on the SPIR. The SPIR was found to be mostly sensitive to the type of acid/base element doped as well as the R/A and D/H ratios. Specifically, it was found that doping with Cs at an R/A level of 0.005 yielded the highest SPIRs, and this effect was increasingly apparent at higher D/H ratios. The effect of increased SPIR with decreased R/A ratio and increased D/H ratio held for other redox-acid/base pairings as well, but at a much smaller magnitude. The effect of secondary-phase formation when Cs was doped is illustrated in Figure 5 . The final structural descriptor studied via XRD analysis was the formation and relative volume of secondary phases. This variable is important in understanding trends in activity due to its direct relation to the abundance of the active Mo-V-O phase. This will be defined as the secondary-phase intensity ratio (SPIR); the XRD intensity ratio between the largest secondary phase peak and the largest Mo-V-O primary phase peak was at 22 • 2θ. While the doped redox element, particularly when the element was Pd, affected the occurrence of secondary phases, it had no significant effect on the SPIR. The SPIR was found to be mostly sensitive to the type of acid/base element doped as well as the R/A and D/H ratios. Specifically, it was found that doping with Cs at an R/A level of 0.005 yielded the highest SPIRs, and this effect was increasingly apparent at higher D/H ratios. The effect of increased SPIR with decreased R/A ratio and increased D/H ratio held for other redox-acid/base pairings as well, but at a much smaller magnitude. The effect of secondary-phase formation when Cs was doped is illustrated in Figure 5 . 
Ethane Partial Oxidation
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The catalytic evaluation of the catalyst compositions guided by the statistical design were carried out in a temperature range of 120-460 °C with a fixed ethane to oxygen ratio of 4:5. As the product distribution of the EPO reaction has been shown to be highly sensitive to residence time and temperature, 
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Ethane Partial Oxidation on Doped Mo 8 V 2 Nb 1 Catalysts
The catalytic evaluation of the catalyst compositions guided by the statistical design were carried out in a temperature range of 120-460 • C with a fixed ethane to oxygen ratio of 4:5. As the product distribution of the EPO reaction has been shown to be highly sensitive to residence time and temperature, space velocity and temperature optimization was carried out for the base catalyst composition to maximize the production of acetic acid, shown in Figure 6 . The base catalyst with a composition of Mo 8 V 2 Nb 1 has been previously reported to produce optimal acetic acid yield [9, 10, 17] , which is consistent with our experimental findings. The optimal temperature and space velocity for acetic acid selectivity were found to be 450 • C ± 10 • C and 1200 h −1 , respectively. These conditions were used in the analysis of the DOE, which is summarized in Figure 7 , showing the selectivity towards each product. Due to the fact the product distribution is highly dependent on residence time, where a slight change in residence time shifts the product distribution to favor ethylene, the catalysts were compared at different conversions with all other relevant variables held constant. The product distribution at 450 °C for all 81 doped Mo8V2Nb1Ox catalysts is shown in Figure 7 . Design of experiments was used to elucidate statistically significant relationships between design levels and product distribution. The analysis of effects relevant to the catalytic activity is highlighted in Table  2 , which shows the trends across the different redox and acid/base elements, the D/H ratio, and the R/A ratio. A main conclusion from this analysis is that each variable investigated-redox element, acid/base element, redox/acid ratio, and dopant/host ratio-had significant effects on ethane conversion and product distribution. Furthermore, the effects of external mass transfer limitations were explored by The product distribution at 450 °C for all 81 doped Mo8V2Nb1Ox catalysts is shown in Figure 7 . Design of experiments was used to elucidate statistically significant relationships between design levels and product distribution. The analysis of effects relevant to the catalytic activity is highlighted in Table  2 , which shows the trends across the different redox and acid/base elements, the D/H ratio, and the R/A ratio. A main conclusion from this analysis is that each variable investigated-redox element, acid/base element, redox/acid ratio, and dopant/host ratio-had significant effects on ethane conversion and product distribution. Furthermore, the effects of external mass transfer limitations were explored by The product distribution at 450 • C for all 81 doped Mo 8 V 2 Nb 1 O x catalysts is shown in Figure 7 . Design of experiments was used to elucidate statistically significant relationships between design levels and product distribution. The analysis of effects relevant to the catalytic activity is highlighted in Table 2 , which shows the trends across the different redox and acid/base elements, the D/H ratio, and the R/A ratio. A main conclusion from this analysis is that each variable investigated-redox element, acid/base element, redox/acid ratio, and dopant/host ratio-had significant effects on ethane conversion and product distribution. Furthermore, the effects of external mass transfer limitations were explored by reproducing catalytic activity with varying catalyst mesh sizes, where the same catalyst composition with a mesh size <125 µm performed identical to the same composition with a mesh size of 500-400 µm in both the differential conversion regime and the high conversion regime, as shown in Figure S1 . The single most important variable investigated for optimizing ethylene selectivity was the redox element used, with a significant sensitivity to the acid element co-employed. Ethylene selectivity, on the one hand, can be increased considerably by doping with PdTe rather than PdCs, which was detrimental to ethylene formation. Conversely, product distribution was largely insensitive to the acid dopant when the redox element being doped was Ti. Overall, ethylene selectivity was maximized by doping with NiTe at a D/H level of 0.5 and a R/A level of 0.005. Acetic acid selectivity, on the other hand, was optimized by doping MoVNb with TiK or TiTe at low R/A and D/H levels (D/H = R/A = 0.005) but showed a high level of sensitivity to interactions between the parameters investigated. The most important relationship found was between the redox element, the acid/base element, and the D/H ratio, as illustrated in Figure 8 . Acetic acid (AA) selectivity was optimized at very low dopant levels (D/H = 0.005) for PdK and NiTe dopant pairs, whereas a large dopant level (D/H = 1) optimized AA selectivity for the TiTe dopant pair, with these compositions performing remarkably better than other redox-acid dopant pairs at equivalent D/H levels. It also should be noted that the optimum acid dopant pair for Ti was different at each D/H level studied. a mesh size <125 μm performed identical to the same composition with a mesh size of 500-400 μm in both the differential conversion regime and the high conversion regime, as shown in Figure S1 . 
. Effect of Doping Mo8V2Nb1Ox on EPO Product Distribution
The single most important variable investigated for optimizing ethylene selectivity was the redox element used, with a significant sensitivity to the acid element co-employed. Ethylene selectivity, on the one hand, can be increased considerably by doping with PdTe rather than PdCs, which was detrimental to ethylene formation. Conversely, product distribution was largely insensitive to the acid dopant when the redox element being doped was Ti. Overall, ethylene selectivity was maximized by doping with NiTe at a D/H level of 0.5 and a R/A level of 0.005. Acetic acid selectivity, on the other hand, was optimized by doping MoVNb with TiK or TiTe at low R/A and D/H levels (D/H = R/A = 0.005) but showed a high level of sensitivity to interactions between the parameters investigated. The most important relationship found was between the redox element, the acid/base element, and the D/H ratio, as illustrated in Figure 8 . Acetic acid (AA) selectivity was optimized at very low dopant levels (D/H = 0.005) for PdK and NiTe dopant pairs, whereas a large dopant level (D/H = 1) optimized AA selectivity for the TiTe dopant pair, with these compositions performing remarkably better than other redox-acid dopant pairs at equivalent D/H levels. It also should be noted that the optimum acid dopant pair for Ti was different at each D/H level studied. A low R/A ratio of 0.005 was found to be favorable for both ethylene and acetic acid selectivity, indicating that in both cases an excess of acid/base dopant is needed relative to the redox dopant. This is consistent with the literature, where the incorporation of acid/base elements at an atomic ratio of ~2:1 between V and the acid/base element has been shown to result in the increased formation of value-added A low R/A ratio of 0.005 was found to be favorable for both ethylene and acetic acid selectivity, indicating that in both cases an excess of acid/base dopant is needed relative to the redox dopant. This is consistent with the literature, where the incorporation of acid/base elements at an atomic ratio of~2:1 between V and the acid/base element has been shown to result in the increased formation of value-added products in partial oxidation reactions [13, 15, 38] . Surface acidity is thought to play a large role in product selectivity, where acid sites promote the formation and subsequent desorption of acetic acid, while ethylene preferentially forms and desorbs on reducible sites [9, 50] , such as those found on the redox elements. However, in this case, it was found that acid sites were also necessary for the formation of ethylene. The role of surface acidity also extends to other catalytic systems for the conversion of ethane into value-added products, where in the oxidative dehydrogenation of ethane, the inclusion of highly basic metals such as platinum leads to increased selectivity towards ethylene [4, 6] . It is well-known that dopant effects can considerably affect catalytic activity when doping with transition metals due to the electronic interactions between the metals and the host oxide structure [6, 8, 12, 17, 22, 31] .
Two distinct mechanisms are possible in the partial oxidation of ethane into ethylene and AA. The first possibility is the direct oxidation of ethane via a CH 3 CH 2 O* intermediate species followed by the subsequent oxidation to acetic acid [1, 11, 16, 51] ; the second is the oxidation of an adsorbed ethylene species through a Wacker mechanism involving a surface X-O site that reacts with water to form a X-OHOH site capable of converting ethylene to AA [9, 22] . In our findings, an increase in AA formation was generally coupled with an immediate decrease in ethylene, suggesting that AA was forming mainly through the oxidation of readsorbed ethylene via the Wacker mechanism. However, the possibility of parallel pathways cannot be ruled out entirely as the products were often coproduced.
Effect of Doped Mo 8 V 2 Nb 1 Structure on Catalytic Activity
While a small R/A ratio being favorable for both acetic acid and ethylene formation can be attributed in part to an excess of surface acidity necessary relative to redox properties, it should be noted that small R/A levels were highly correlated with high PPIRs introduced previously. In fact, at the low D/H and low R/A pairing, the PPIR was as much as four times greater than its value at other D/H and R/A combinations. This is consistent with observations of increased ethane-oxidation activity at higher intensity ratios reported previously [20] . It follows that, in addition to creating favorable surface acid properties for reactivity, an excess of acid dopant could play a role in extending the aspect ratio of the slablike structure of the primary active Mo-V-O phase indicated by the PPIR.
On the other hand, smaller D/H levels (D/H = 0.005) were preferable for acetic acid formation, while intermediate levels were optimum for ethylene formation (D/H = 0.5). It should be noted that high D/H levels were associated with smaller Mo-V-O grain sizes measured with XRD and lower V and Nb uptake into the base catalysts evidenced by EDS. These results suggest that control over product distribution may be afforded through a combination of appropriate catalyst stoichiometry and tuning of grain size. It is clear, however, that a large displacement of V from the Mo-V-O structure is unfavorable for all value product yields, as this was observed to the greatest extent for high doping levels of Pd and Cs, which on average yielded the lowest selectivity towards both acetic acid and ethylene. This is consistent with the role of vanadia as a catalytically active center for alkane activation and olefin production [9, 52, 53] .
In fact, the presence of Cs was detrimental to both ethylene and AA formation for all redox elements at all D/H and R/A levels, leading to the formation of almost exclusively total oxidation products. This is likely because Cs disrupts the structural integrity of the host, as evidenced by the formation of secondary phases visible in XRD. As the primary Mo-V-O phase, hallmarked by the characteristic 22 • XRD peak, has been attributed to the preferential oxidation towards olefins and acids [20, 54] , it is reasonable to assume that the destabilization of this phase and secondary-phase formation induced by Cs would negatively affect activity through the loss of AA and ethylene-selective sites or formation of combustion sites. This type of structural disturbance induced by dopant addition to the base Mo-V-O structure is markedly different from that observed by others, where activity has been found to increase with increased dopant concentrations accompanied by higher defect densities and more polydisperse crystallites [24] . Additionally, decreased activity can also be attributed to a disruption of the crystalline M1/M2 structure, which can hinder lattice oxygen mobility that results in a loss in selectivity towards acids and olefins from alkane oxidation [22, 36, 55] . The difference in the observed structural effect is possibly due to the very large atomic radius of Cs in comparison to other dopants studied.
To address the finding that the doped MoVNb reached different levels of conversion at 450 • C, the catalysts were compared according to their ethylene and acetic acid selectivity as a function of conversion, as shown in Figure 9 . Catalysts are labeled by their standard orders according to the 3 4 full factorial design. The corresponding factorial design levels (dopants and loadings) for each design point are shown in Table 1 of the supporting info. To understand how changing the conversion level changed the selectivity of the most promising materials, the optimum catalysts were compared at different conversions achieved by ramping the catalyst bed temperature in the range of 250-550 • C. Optimum catalysts were defined as those samples that reached the highest AA or ethylene selectivity at the highest possible ethane conversions at 450 • C, as shown in Figure 7 . The ethylene and acetic acid selectivity of the selected catalysts at varied conversions are shown in Figure 10 . In general, ethylene selectivity decreased with increased conversion, corresponding to higher bed temperatures, while acetic acid selectivity increased. For most catalysts, acetic acid selectivity was maximized at conversions >80%, while ethylene selectivity was maximized at conversions <20%. While kinetic understanding of the system is convoluted at high conversion, we chose to maximize the total yield of acetic acid by optimizing the system for high conversion and high acetic selectivity, shown in Figure 9 . [22, 36, 55] . The difference in the observed structural effect is possibly due to the very large atomic radius of Cs in comparison to other dopants studied.
To address the finding that the doped MoVNb reached different levels of conversion at 450 °C, the catalysts were compared according to their ethylene and acetic acid selectivity as a function of conversion, as shown in Figure 9 . Catalysts are labeled by their standard orders according to the 3 4 full factorial design. The corresponding factorial design levels (dopants and loadings) for each design point are shown in Table 1 of the supporting info. To understand how changing the conversion level changed the selectivity of the most promising materials, the optimum catalysts were compared at different conversions achieved by ramping the catalyst bed temperature in the range of 250-550 °C. Optimum catalysts were defined as those samples that reached the highest AA or ethylene selectivity at the highest possible ethane conversions at 450 °C, as shown in Figure 7 . The ethylene and acetic acid selectivity of the selected catalysts at varied conversions are shown in Figure 10 . In general, ethylene selectivity decreased with increased conversion, corresponding to higher bed temperatures, while acetic acid selectivity increased. For most catalysts, acetic acid selectivity was maximized at conversions >80%, while ethylene selectivity was maximized at conversions <20%. While kinetic understanding of the system is convoluted at high conversion, we chose to maximize the total yield of acetic acid by optimizing the system for high conversion and high acetic selectivity, shown in Figure 9 . 
Experimental Methods
Catalyst Synthesis
A typical catalyst composition was synthesized using 4.03 g ammonium molybdate tetrahydrate (Sigma-Aldrich, St. Louis, MO, USA, 81-83% MoO3 basis) mixed with 0.88 g ammonium niobate (V) oxalate hydrate (Sigma-Aldrich, St. Louis, MO, USA, 99.95%) in 60 mL of deionized water (DI water) Figure 10 . Ethylene and acetic acid selectivity vs. ethane conversion for optimum catalysts.
Experimental Methods
Catalyst Synthesis
A typical catalyst composition was synthesized using 4.03 g ammonium molybdate tetrahydrate (Sigma-Aldrich, St. Louis, MO, USA, 81-83% MoO 3 basis) mixed with 0.88 g ammonium niobate (V) oxalate hydrate (Sigma-Aldrich, St. Louis, MO, USA, 99.95%) in 60 mL of deionized water (DI water) while heating to 50 • C to ensure complete solvation of the precursors. The vanadium precursor was prepared in a separate container consisting of 1.73 g of vanadium oxide sulfate (Sigma-Aldrich, St. Louis, MO, USA, 97%) in 15 mL of DI water at 50 • C. Dopants were added before mixing the base catalyst components via stock solutions of either ammonium tetrachloropalladate (Sigma-Aldrich, St. Louis, MO, USA, 97%), titanium sulfate solution (Sigma-Aldrich, St. Louis, MO, USA, 99.9%), nickel sulfate (Sigma-Aldrich, St. Louis, MO, USA, 99.99%), cesium sulfate (Sigma-Aldrich, St. Louis, MO, USA, 99.99%), telluric acid (Sigma-Aldrich, St. Louis, MO, USA, 98%), and potassium sulfate (Sigma-Aldrich, St. Louis, MO, USA, 99%), prepared via dissolving the precursor salts in DI water. After addition of the required amount of dopant, the molybdenum/niobium and vanadium solution were added to the dopant mixture and allowed to mix for 20 min under stirring. The mixed precursors were then transferred into Teflon liners and set in autoclaves to carry out the hydrothermal synthesis at 175 • C for 48 h. Upon completion of the hydrothermal synthesis, the catalyst was washed with water and acetone to ensure only the precipitated product was recovered, after which the washed catalyst was set to dry at 120 • C for 2 h followed by calcination at 400 • C for 4 hours in air using a 10 • C ramp rate for heating and cooling. Synthesis of the base catalyst was carried out following the same steps without the addition of dopants.
XRD
X-ray diffraction was carried out for all samples in a Rigaku Miniflex II (Tokyo, Japan) equipped with a Cu-Kα X-ray source and a high-speed silicon-strip detector. Scans were completed between a 10 and 90 • 2θ angle at a rate of 2 • /min with step size of 0.02 • .
Scanning Electron Microscopy/EDS (SEM/EDS)
To confirm elemental uptakes and identify unintended variations in loadings, SEM/EDS characterization was performed on all 81 samples using a Zeiss Ultraplus Thermal Field Emission Scanning Electron Microscope (Carl Zeiss, Oberkochen, Germany) at 15 keV. Atomic percentage data were collected over three unique regions of each sample selected from SEM micrographs to provide average atomic compositions as well as measurement error. The atomic composition of each component was scaled to Mo = 8 to omit the presence of oxygen and carbon from the measurements. This constraint necessarily defined the error in Mo loading to equal zero.
Catalytic Activity Tests
Ethane partial oxidation tests were performed using an ethane to oxygen ratio of 4:5 [16, 50] (40% ethane, 50% oxygen, 10% nitrogen). Onstream results were analyzed with a Shimadzu Gas Chromatograph GC2014 (Kyoto, Japan), equipped with a thermal conductivity detector (TCD) to analyze the product distribution. The experiments were carried out in a quartz tube plug flow reactor at ambient pressure, where the space velocity was kept at a constant 1200 h −1 . Catalysts were sieved between 45 and 60 mesh size to mitigate a pressure drop. The catalysts were used as synthesized and a temperature ramp in the range of 120-460 • C was used with an initial 10 • C/min ramp rate from room temperature to 120 • C, and a subsequent 30 • C step size (1.5 • C/min rate) for each catalyst was applied. Temperature measurements were taken inside the catalyst bed using an insulated K-type thermocouple.
Conclusions
In our studies, the optimal catalyst compositions for ethane partial oxidation to both acetic acid and ethylene with regards to the addition of redox and acid dopants to a base Mo 8 V 2 Nb 1 catalyst were identified. A DOE methodology was implemented to gain statistically significant insights on the impact of tuning the balance between the acidity and redox behavior of the catalyst via the addition of the selected dopants and to identify useful trends to aid the design of mixed metal oxide EPO catalysts in the future. Analysis was carried out to correlate the redox-element loading (Pd, Ni, or Ti) and acid-element loading (K, Cs, or Te) with the catalytic performance and structural integrity of the materials. It was found that across all catalyst compositions explored, an excess of surface acidity relative to the redox element (R/A ratio of 0.005) benefited both ethylene and acetic acid formation. Additionally, investigation of the total dopant level (D/H ratio) led to the finding that doping high levels of Ti optimized the selectivity for both AA and ethylene, while doping high levels of Ni and Pd led to the formation of combustion products. Overall, AA production was favored with TiTe doping while ethylene production was favored with NiTe doping. Additionally, it was found that Cs-doped catalysts ubiquitously favored ethane combustion. The effects of dopant composition on the catalyst structure were elucidated, where the extent of phase segregation and incorporation of dopants into the base catalyst was most sensitive to the acid/base element doped, and the incorporation of cesium was found to trigger the formation of multiple secondary phases. Overall, tuning the balance between redox and acid elements doped into Mo 8 V 2 Nb 1 catalysts resulted in not only changes to the surface acidity and redox properties, but also induced a change in the bulk catalyst structure, the coupled effects of which were found to ultimately determine the materials' catalytic properties.
